Objective-Protease-activated receptor-1 (PAR1) mediates the thrombin-induced proliferation and hypertrophy of vascular smooth muscle cells. A role of Rac1 in the regulation of PAR1 expression was investigated. Methods and Results-Treatment with simvastatin, a hydroxy-3-methyl-glutaryl coenzyme A reductase inhibitor, for 24 hours attenuated the transient [Ca 2ϩ ] i elevation induced by thrombin. Immunofluorescence staining revealed that simvastatin decreased the surface expression of PAR1 in a manner dependent on protein geranylgeranylation. Introduction of a Rac1/Cdc42 inhibitory fragment but not a RhoA inhibitory fragment using a cell-penetrating peptide also attenuated the response to thrombin and decreased the surface expression of PAR1. Finally, downregulation of Rac1, but not RhoA, using an RNA interference technique attenuated the thrombin-induced [Ca 2ϩ ] i elevation. However, the level of PAR1 mRNA and the total amount of PAR1 protein remained unchanged. Conclusions-Here, we provide for the first time 3 lines of evidence that Rac1 plays a critical role in maintaining the surface expression of PAR1 and the responsiveness to thrombin in vascular smooth muscle cells. 
P rotease-activated receptor-1 (PAR1) belongs to a family of G-protein-coupled receptors (GPCRs), and it is known to mediate the cellular effects of thrombin in various types of cells. [1] [2] [3] [4] [5] In vascular smooth muscle cells, PAR1 regulates the contraction, proliferation, and hypertrophy. 1, 4, 6 The expression of PARs has been reported to either increase or decrease under various pathological conditions, including atherosclerosis, balloon injury of arteries, cerebral ischemia, and neuroinflammatory and neurodegenerative disorders. [7] [8] [9] [10] [11] [12] Therefore, elucidating the mechanism regulating the expression of PARs is important to understand the pathophysiology of such diseases and also to establish new therapeutic strategies. The nascent PAR1 is considered to be targeted first to the plasma membrane, and then subjected to constitutive internalization, thus resulting in the formation of an intracellular pool. 13, 14 PAR1 then cycles between the plasma membrane and the intracellular pool under resting conditions. The steady-state level of PAR1 on the cell surface is thus determined by a balance among the rate of de novo synthesis, the receptor internalization, and the recruitment from the intracellular pool. 14, 15 However, the molecular mechanism regulating the expression of PAR1 remains to be elucidated.
The small G-protein is known to regulate the intracellular vesicle trafficking. 16 The Rab family is the most studied small G-protein that regulates GPCR trafficking. 17 Rab5a has been shown to be required for the agonist-triggered internalization of PAR2, whereas Rab11a has been shown to contribute to the transport of PAR2 from the Golgi apparatus to the plasma membrane. 18 On the other hand, the Rho family of small G-proteins has been suggested recently to play an important role in the internalization of membrane proteins such as thromboxane A 2 receptor TP␤, epidermal growth factor (EGF) receptor, and E-cadherin, and in the endocytosis of fibroblast growth factor 2. 19 -22 However, the role of the Rho families in the regulation of PAR1 expression has yet to be elucidated.
In the present study, we investigated the role of Rho proteins in the regulation of expression of PAR1 on the cell surface in vascular smooth muscle cells. We first used hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) to inhibit the protein isoprenylation such as geranylgeranylation and farnesylation, which is essential for small G-proteins to be functional. 16, [23] [24] [25] Second, we introduced the inhibitory proteins of Rho proteins using the cell-penetrating peptide of Tat protein. 26 -30 The RhoAbinding domain (RB) of Rho kinase and the Rac1/Cdc42-binding domain (PBD) of p21-activated protein kinase-1 was used as inhibitory proteins of Rho proteins, as described previously. 26, 31 Finally, we downregulated RhoA and Rac1 by RNA interference. As a result, the present study provides 3 lines of evidence supporting the critical role that Rac1 plays in the maintenance of PAR1 expression and the responsiveness to thrombin in cultured vascular smooth muscle cells.
Materials and Methods
The human coronary artery smooth muscle cells (HCASMCs) and the rat aortic smooth muscle cells (RASMCs) in primary culture were used. Cells were treated with HMG-CoA reductase inhibitors (statins), inhibitor proteins of RhoA, and Rac1/Cdc42 tagged with a cell-penetrating peptide of Tat protein or small interfering RNA targeted to RhoA and Rac1. Then, the responsiveness to thrombin and the surface expression of PAR1 were evaluated by fura-2 fluorometry and immunofluorescent staining, respectively. The total expression of PAR1, Rac1, RhoA, and ␤-actin mRNA was evaluated by RT-PCR. The total expression of PAR1 protein was evaluated by an immunoblot analysis.
Expanded information for Materials and Methods can be found in the online supplement, available at http://atvb.ahajournals.org.
Results

Long-Term Treatment With Simvastatin Attenuated the Thrombin-Induced [Ca 2؉ ] i Elevation in Vascular Smooth Muscle Cells
In HCASMCs, thrombin concentration-dependently induced a transient [Ca 2ϩ ] i elevation (EC 50 ; 0.17 U/mL), with the maximum response at 1 U/mL ( Figure 1A ). PAR1-activating peptide (100 mol/L TFLLR-NH 2 ) induced a [Ca 2ϩ ] i elevation (47.5Ϯ4.5%; nϭ4), which is comparable to that obtained with 1 U/mL thrombin, whereas PAR4-activating peptide (100 mol/L GYPGKF-NH 2 ) induced only a small [Ca 2ϩ ] i elevation (1.0Ϯ1.6%; nϭ4; data not shown). PAR1 is thus suggested to mediate most of the response to thrombin in HCASMCs. The 24-hour treatment with simvastatin concentration-dependently attenuated the [Ca 2ϩ ] i elevation induced by 1 U/mL thrombin, with a significant inhibition seen at 100 nmol/L and higher concentrations ( Figure 1C ). Such effective concentrations are similar to the plasma concentrations of simvastatin after the oral administration. 32 However, application of 1 mol/L simvastatin 10 minutes before and during stimulation with 1 U/mL thrombin had no effect on the thrombin-induced [Ca 2ϩ ] i elevation (data not shown). The similar attenuation of the thrombin-induced [Ca 2ϩ ] i elevation was observed with fluvastatin at a similar concentration range (data not shown). On the other hand, a hydrophilic statin, pravastatin, at a concentration of up to 1 mol/L, had no significant effect on the [Ca 2ϩ ] i elevation induced by 1 U/mL thrombin in HCASMCs ( Figure 1A and  1C) . A similar attenuation of the response to thrombin by simvastatin was observed in RASMCs ( Figure 1B and 1D 
Involvement of Protein Geranylgeranylation in the Statin-Induced Attenuation of the Response to Thrombin in Vascular Smooth Muscle Cells
The involvement of protein isoprenylation in the simvastatin-induced attenuation of the response to thrombin was investigated ( Figure 2 ). HCASMCs were cotreated with simvastatin and geranylgeranyl pyrophosphate (GGPP) or farnesyl pyrophosphate (FPP) for 24 hours at the concentrations indicated in Figure 2 . Cotreatment with GGPP prevented the attenuation of the response to thrombin by simvastatin in a concentration-dependent manner, with a complete prevention seen with 1 mol/L GGPP ( Figure  2A ). However, cotreatment with FPP did not show any preventive effect in HCASMCs ( Figure 2A ). In RASMCs, GGPP (Ͼ 3 mol/L) completely prevented the simvastatin-induced attenuation of the response to thrombin, whereas FPP partially prevented it even at 30 mol/L ( Figure 2B ). The combination of 10 mol/L GGPP and 10 mol/L FPP showed the effect similar to that seen with GGPP alone. However, the 24 hour treatment of RASMCs with 10 mol/L GGTI-298, a geranylgeranyl transferase inhibitor, attenuated the response to 1 U/mL thrombin to the extent similar to that obtained with 10 mol/L simvastatin, whereas 10 mol/L FTI-277, a farnesyl transferase inhibitor (FTI), had no effect on the response to thrombin ( Figure 2B ). 
Downregulation of the Surface Expression of PAR1 by Simvastatin in Vascular Smooth Muscle Cells
The surface expression of PAR1 was evaluated by immunofluorescence staining with a monoclonal antibody WEDE15 without fixation or permeabilization of the cells, as described previously. 33 The untreated control HCASMCs exhibited a spotted pattern of fluorescence mainly on the cell periphery under fluorescence microscopy ( Figure 3A) . The fluorescence intensity at the peak of the fluorescence distribution was 856.7Ϯ290.1 arbitrary units (nϭ3) in control cells ( Figure 3B ). The treatment with simvastatin reduced the fluorescence staining and shifted the fluorescence distribution to the left ( Figure 3A) . The fluorescence intensity at the peak distribution (386.7Ϯ75.7 arbitrary units; nϭ3) was significantly lower than the control ( Figure 3B ). We reported previously that trypsin removes the epitope of WEDE15 (residues 51 to 64) of PAR1. 33 Treatment with trypsin removed most of the staining in control and the simvastatintreated cells and caused a leftward shift of the fluorescence distribution, thus resulting in a similar peak intensity (55.0Ϯ17.3 arbitrary units for control; 55.3Ϯ13.1 arbitrary units for simvastatin-treated cells; nϭ3; Figure 3A and 3B).
Effect of Rac1 Inhibition on the Expression of PAR1 mRNA and Protein in Vascular Smooth Muscle Cells
An RT-PCR analysis revealed that the level of PAR1 mRNA did not change after the 24-hour treatment of RASMCs with 10 mol/L simvastatin, either in the presence or absence of 10 mol/L GGPP ( Figure 3C ). On the other hand, a Western blot analysis revealed that the level of PAR1 protein did not Figure 3D ). Immunofluorescence staining after fixation and permeabilization of the cells could detect PAR1 in the intracellular pool as well as on the plasma membrane. 33 The intracellular staining was much higher than the surface staining in HCASMCs, as we reported previously in endothelial cells. 33 Treatment with simvastatin or TATHA-PBD had no apparent effect on the intracellular staining of PAR1 (data not shown).
The Effect of Inhibition of Rho Signaling on the Response to Thrombin and the Expression of PAR1
The 24-hour treatment with TATHA-PBD concentrationdependently (EC 50 ; 0.85 mol/L) inhibited the [Ca 2ϩ ] i elevation induced by 1 U/mL thrombin ( Figure 4A and 4B) . The inhibition seen with Ն3 mol/L concentrations of TATHA-PBD was similar to that seen with 1 mol/L simvastatin ( Figure 4B) . However, the application of 3 mol/L TATHA-PBD 10 minutes before and during stimulation with thrombin had no significant effect on the [Ca 2ϩ ] i elevation induced by thrombin (data not shown). The removal of the cellpenetrating peptide (His) 6 -PBD abolished the inhibitory effect of TATHA-PBD ( Figure 4A and 4B) . On the other hand, TATHA-RB, a RhoA inhibitory protein, had no effect on the response to thrombin (Figure 4A and 4B ). In line with this, 24-hour treatment with 1 mol/L Y27632, a Rho kinase inhibitor, also had no significant effect on the response to thrombin ( Figure 4B ). The protein transduction was confirmed by an immunoblot analysis as described previously. 26, 27 The extract of the cells exposed to the recombinant protein for 24 hours was subjected to the immunoblot detection with an anti-(His) 6 antibody. This antibody detected all recombinant proteins ( Figure 4C ). However, PBD and RB were detected in the cell extract only when they were conjugated with Tat peptide ( Figure 4C ).
The effect of the transduction of TATHA-PBD on the expression of PAR1 was investigated by immunofluorescence staining, as shown in Figure 3 (Figure 5 ). Treatment of HCASMCs with 3 mol/L TATHA-PBD caused a leftward shift in the fluorescence distribution to an extent similar to that seen with 1 mol/L simvastatin ( Figure 5 ). However, (His) 6 -PBD had no significant effect ( Figure 5 ). Trypsin caused a marked reduction in fluorescence staining as shown in Figure 3 .
Effect of Downregulation of RhoA and Rac1 on the Response to Thrombin
RhoA and Rac1 were downregulated by an RNA interference technique. The transfection of control small interfering RNA had no effect on the responsiveness to thrombin in HCASMCs ( Figure 6 ). On the other hand, downregulation of Rac1 but not RhoA significantly attenuated the [Ca 2ϩ ] i elevation induced by 1 U/mL thrombin. 6 -PBD, TATHA-RB, and (His) 6 -RB (lanes C). The purified proteins (100 ng) were loaded as a positive control (lanes P). Actin was detected with naphtol blue black staining after immunodetection to validate the equal loading of the cell extracts. 
Discussion
We herein demonstrated for the first time that Rac1 plays a crucial role in the maintenance of the surface expression of PAR1 and the responsiveness to thrombin in vascular smooth muscle cells. This conclusion is supported by 3 lines of evidence. First, the inhibition of HMG-CoA reductase reduced the expression of PAR1 on the cell surface and attenuated the response to thrombin. The attenuation of the thrombin response was prevented by cotreatment with GGPP in human and rat smooth muscle cells. In RASMCs, FPP also prevented the simvastatin-induced attenuation of the responsiveness to thrombin, whereas GGTI but not FTI mimicked the effect of simvastatin. These observations suggested that protein geranylgeranylation is a critical step involved in the expression of PAR1 on the cell surface. However, these observations could not specify which proteins are geranylgeranylated and regulate the expression of PAR1. Second, the transduction of the inhibitory protein of Rac1/Cdc42 reduced the surface expression of PAR1 and attenuated the responsiveness to thrombin, whereas the inhibitory protein of RhoA had no significant effect. These observations provided direct evidence that Rac1/Cdc42 but not RhoA is involved in the maintenance of the surface expression of PAR1 and the responsiveness to thrombin. Third, the knockdown of Rac1 but not RhoA by the RNA interference technique inhibited the responsiveness to thrombin. All these observations are consistent with the hypothesis that Rac1, but not Cdc42 or RhoA, plays a crucial role in the maintenance of the surface expression of PAR1 and the responsiveness to thrombin in vascular smooth muscle cells. The possibility that the inhibition of Rac1 directly inhibited the thrombin-induced [Ca 2ϩ ] i elevation was ruled out on the basis of observations in the short-term treatment with simvastatin and TATHA-PBD.
The mechanism regarding how Rac1 regulates the expression of PAR1 on the cell surface remains to be elucidated. The downregulation of the surface expression of PAR1 by simvastatin was not associated with the downregulation of PAR1 mRNA. The change in the transcription of the PAR1 gene or the stability of PAR1 mRNA is thus not suggested to play a major role in the downregulation of PAR1 induced by inactivation of Rac1. Treatment with simvastatin or inhibition of Rac1 signaling had little effect on the total amount of PAR1 protein. It is thus likely that the alteration of the trafficking of PAR1 plays a critical role in the downregulation of PAR1 induced by the inactivation of Rac1.
PAR1 exhibits both constitutive and agonist-triggered internalization. 2, 4, 14 The 2 modes of PAR1 internalization have been demonstrated to require the distinct residues in C-terminal region of PAR1, and they are thus suggested to be differently regulated by distinct mechanisms. 13, 15, 34 The agonist-activated PAR1 has been shown to be internalized via a clathrin-and dynamin-dependent but arrestin-independent pathway, and then it mainly targets to lysosome degradation. 14, 15 On the other hand, the constitutive internalization takes place under resting conditions without receptor stimulation, and it has been reported to be necessary for the formation and the maintenance of the intracellular PAR1 pool. 13 Therefore, the resting level of the surface expression of PAR1 is suggested to be dynamically maintained by continuous cycling between the cell surface and the intracellular pool. Our finding suggests that Rac1 regulates such constitutive trafficking of PAR1. The inhibition of Rac1 activity may either increase the constitutive internalization or inhibit the membrane targeting, thereby decreasing the level of PAR1 expressed on the cell surface in cultured smooth muscle cells.
PAR1 has been reported to be upregulated in smooth muscle cells seen in the human atherosclerotic lesions and in a rat carotid artery balloon injury model. 10 -12 The level of PAR1 expression has been shown to correlate to the degree of proliferation of smooth muscle cells. 10, 12 Growth factors such as platelet-derived growth factor, EGF or insulin, phorbol ester, and some GPCR agonists such as bombesin and lysophosphatidic acid were shown to activate Rac1. 35 Rac1 is thus speculated to contribute to the upregulation of PAR1 in the vascular lesions. Our observations suggest that cultured vascular smooth muscle cells have some basal activity of Rac1, which contributes to the maintenance of surface expression of PAR1 under resting conditions. In the present study, we cultured and maintained the cells in the media containing 5% serum, 0.5 ng/mL EGF, 2 ng/mL fibroblast growth factor-B and 5 g/mL insulin. Thus, it is conceivable that some growth factors in the media contributed to the basal activity of Rac1 in the cultured smooth muscle cells. Thus, our observations may be relevant to situations that are related to atherosclerotic lesions. However, such a possibility remains to be evaluated.
The preventive effect of FPP differed between HCASMCs and RASMCs. GGPP and FPP prevented the simvastatininduced attenuation of the thrombin response in RASMCs, whereas only GGPP was effective in HCASMCs. Because GGTI but not FTI mimicked the effect of simvastatin in RASMCs, the findings suggested that geranylgeranylation but not farnesylation was involved in the effect of simvastatin in HCASMCs and RASMCs. We speculate that FPP was converted to GGPP in RASMCs, thereby exerting its preventive effect. GGPP is synthesized by a condensation of FPP and isopentenyl pyrophosphate. 24, 36 The residual amount of isopentenyl pyrophosphate after the inhibition of HMG-CoA reductase by simvastatin may be high enough to convert the exogenously added FPP to GGPP and to restore protein geranylgeranylation in RASMCs. However, this was not the case in HCASMCs, in which the amount of isopentenyl pyrophosphate was not sufficient to convert FPP to GGPP. The degree of inhibition of HMG-CoA reductase by statins or metabolism of isopentenyl pyrophosphate may differ between HCASMCs and RASMCs.
In conclusion, the present study demonstrated for the first time that Rac1 plays a critical role in the maintenance of the surface expression of PAR1 and the responsiveness to thrombin in the cultured vascular smooth muscle cells. The inactivation of Rac1 by HMG-CoA reductase inhibitor, the introduction of the inhibitor protein and downregulation by RNA interference attenuated the responsiveness to thrombin by reducing the level of the surface expression of PAR1. Because the level of PAR1 mRNA and the total amount of PAR1 protein remained unchanged, Rac1 is suggested to regulate the constitutive trafficking of PAR1.
